A hollow-cathode device has been shown to operate as a plasma reflector for electronic steering of radar beams using helium in the 0.2-0.5 Torr pressure range. Compared to previous experiments, the use of this light gas significantly reduces the spurious sputtering effects on the cathode materials. A semi-quantitative physical model was developed to describe the observed evolution of microwave beam transmissions through the plasma sheet as a function of frequency. This model stresses the importance of electron-ion recombination on the edge of the plasma sheet, due to simultaneous low electron temperatures and high electron densities.
Introduction
In the past few years, there has been considerable interest in using plasma sheets as microwave reflectors. Indeed microwave beams are reflected at the surface of an ionized gas providing the electronic plasma frequency f pe = (n e e 2 /ε 0 m e ) 1/2 exceeds the wave frequency f 0 (ε 0 , m e , n e are the vacuum permittivity, the mass and the density of the electrons, respectively). Since a plasma has no mechanical inertia, Manheimer [1] suggested in 1991 that a sheet of ionized gas could constitute the reflector of an 'agile' radar antenna, as it could, in principle, be repositioned in space by electronic means in an extremely short time (∼10-20 µs). Moreover, since all frequencies below f pe are reflected by the plasma, the instantaneous bandwidth of such antennas will be quite wide. In principle, this allows the radar to operate in pulsed or multi-frequency mode. Among several possible ways, a planar electrical discharge produced in an homogeneous magnetic field by a convenient pulsed hollow cathode was shown to reflect microwaves in the X-band (8-12 GHz) as efficiently as an equivalent metallic plane [2] . Detailed studies of this discharge in air and argon led to the concept of a radar in which the horizontal deflection is actuated by addressing discrete electrodes [3] [4] [5] . However, these gases are known to produce important sputtering effects on the cathode of the discharge. Thus, light gases are generally preferred in industrial apparatuses where low pressure and high voltage have to be used simultaneously.
The aim of this paper is to present the helium-based hollow-cathode device developed at the Office National d'Etudes et de Recherches Aéropatiales (ONERA). We investigate the evolution of the helium plasma over time following a few kilovolt voltage steps applied to the hollow cathode. More precisely, we attempt to explain why the microwave beams are deflected by the plasma only some microseconds after the current and light are established in the discharge. To do that, we develop a numerical model, the input of which is the experimental current I d (t) measured across the discharge. The objective is to compute the evolution of the microwave beam transmission through the plasma sheet as a function of frequency.
Experimental details

Apparatus
In the experimental set-up shown in figure 1 , the pulsed discharge flows in a 30 cm long×30 cm diameter cylindrical vessel made of Plexiglas. The upper side of the cylinder supports a shallow linear hollow cathode similar to the one defined by Mathew et al [6] , that is, width l = 1.6 cm, depth h = 1.2 cm and length D = 28.5 cm. The grounded metallic disc at the lower side of the cylinder constitutes the anode of the discharge. A triggered 'pseudospark' switch [7] is used to connect a high-voltage storage capacitor to the cathode, through a 200 resistor R c . High-frequency probes are used to record the voltage drop V d (t) and the current I d (t) across the discharge. The probe signals are displayed on a transient recorder together with the transmission of a test continuous microwave beam incoming perpendicular to the sheet. To avoid spurious effects due to microwave beam refraction across the plasma sheet, the axis of the emitter and receiver horns are set strictly collinear (±0.5 mm) and perpendicular (±0.5
• ) to the plasma sheet. Simultaneously, high-resolution time-and space-resolved imaging is performed using a CCD camera coupled with a pulsed light amplifier with a 100 ns gating time. The opening of the camera is synchronized by the current I d (t) via an adjustable time delay device, and repeated exposures can be accumulated on the detector before readout. The CCD camera image-processing software can reconstruct each picture with the same optimal mean brightness. It can also provide quantitative analysis of each frame by computing horizontal and vertical profiles, L z (x) and L x (z), of the stored light pattern. Thus, the complete development of the plasma can be explored frame after frame including the very beginning of the pre-breakdown stage [8] .
The camera is set parallel to the discharge plane to produce side views of the plasma sheet. Classical spectroscopic tools complete this set of diagnostics. They can furnish complete spectra of the visible light emitted by the plasma or follow the progress of a particular spectral line during the discharge process. Figure 2 displays a typical run at P H e = 0.25 Torr. Synchronism between the current and light from the plasma can be observed. Surprisingly, on the other hand, the cut-off of the microwave beams develops later, say 3-4 µs after the current and light build up in the discharge (note that a 7.3 GHz cut-off frequency has been chosen here as it represents the minimal target value for an X-band radar reflector). This observation is systematic and holds within the entire range of operation. Photographs of the plasma in the visible light are shown in figure 3 for different instants during the same run. Then the image-processing software reconstructs each picture with the same optimal mean brightness. The patterns appear nearly unchanged during the whole development of the discharge (∼160-180 µs). Quantitatively, the scan of the traces along the z-axis (at x = 0) shows the brightness to decrease by about 25% from the cathode to the middle of the vessel, then to increase again up to the anode. In the same time, the important point is that the traces exhibit a Gaussian distribution in brightness along the x-axis (namely along the sheet thickness), whose mean half-width value x appears almost unchanged from cathode to anode. In fact, x depends only on the external magnetic field, for instance:
Synchronous measurements
x = 26 mm for B = 170 G and x = 50 mm for B = 50 G, typically.
The reflectivity then could slightly depend on the vertical position. In our model, the dependence of the plasma parameters versus the altitude z will be taken into account; however, the confrontation with the experiments is only performed at z = 15 cm in the middle of the reflector. Finally, emission spectroscopy shows a classical helium spectrum which contains only very low emission lines from impurities (figure 4). This at least certifies that the discharge actually operates in the helium gas and not in a metal vapour coming from the electrode material. Note the continuous background that should be attributed to Bremsstrahlung from colliding electrons.
Discharge mechanisms
General features
The global mechanisms that govern the discharges in air or argon have been described by the previously mentioned workers: bombardment of the surface of the cathode by positive ions from the hollow-cathode plasma induces emission of low-energy secondary electrons at the surface of the cathode. These electrons are freely accelerated across the cathode sheath that sustains practically the whole voltage drop V d (t) applied to the discharge. Following the magnetic flux-lines, these fast electrons cross the hollow cathode, then ionize neutral gas atoms over distances comparable to the length of the vessel. Ionizing collisions slow down the fast electrons. They also induce a lateral spread of the electron beam due to the successive low-angle deviations the electrons undergo at each collision. The resulting low-temperature high-density plasma diffuses laterally out of the range of the electron beam, then recombines quite efficiently (α ∼ 10 −13 -10 −12 m 3 s −1 ) due to the dissociative recombination of molecular ions. This yields sharp edges for the reflecting plasma sheet. In the following, we will differ from this general picture with regard to two specific aspects:
(1) According to Deloche et al [9] , it is doubtful whether molecular ions play a role in helium recombination at pressures lower than ∼5 Torr, namely one order of magnitude above our working pressure. Therefore, the actual recombination process must be identified when the hollow-cathode discharge operates in helium gas.
(2) Careful inspection of the pictures using the CCD-camera image processor failed to reveal any lateral enlargement of the glowing trace from cathode to anode. These observations contradict the concept of successive lowangle deviations for the colliding fast electrons.
Electron-neutral collision model
Consequently, we adopt instead the model proposed by Pointu and Maynard [10] that stipulates that the few keV electrons of the beam actually undergo wide angle deflections in ionizing collisions with neutrals in which they lose the direction of their initial velocity. Thus, in the absence of sufficient magnetic field, fast electrons are ejected out of the beam after one collision. As the electron beam propagates along the z-axis, the velocity v eb of the remaining electrons is unchanged:
where m e and q e designate the mass and charge of the electron.
The electron density in the beam n eb then decreases from a maximum value n eb (0, 0) as
(2) λ e0 is the mean free path of an electron of energy q e V d [11] . The profile of the electron beam is presumed to be Gaussian along the transverse direction x with the thickness x measured by the CCD camera (cf section 2.2). The sheet is supposed to be perfectly homogeneous in the y-direction parallel to the cathode.
When a significant magnetic field B z is set parallel to the electron beam, fast electrons that would escape now remain in the vicinity of the beam after they collide. Indeed colliding electrons, now trapped by the magnetic field, cannot exceed a lateral shift of one gyromagnetic radius r eB = m e v eb /q e B z (typically r eB ∼ 1.2 cm for B z = 170 G and V d = 3500 V). Accordingly, all the kinetic energy of the fast electrons is progressively distributed in ionization and excitation of the buffer gas, around the location of the first collision.
Electron beam/plasma current distribution
Although the hollow-cathode operation will not be detailed here (see, e.g., [12] ), it is possible to derive the distribution of the electronic current densities from the following assessments. Consider the schematic view of the hollow cathode depicted in figure 5: J i designates the current density of positive ions coming from the plasma that flows across the cathode sheath. These ions are accelerated towards the surface of the cathode, while they undergo collisions with neutral atoms. Assuming a constant mean free path λ i0 for ion-atom collisions leads to a modified Child-Langmuir law [12] that links the sheath thickness s to both the current density J i and the voltage drop V d across the sheath (see the appendix): Positive ions strike the surface of the cathode with a mean energy q e V 0 related to the voltage drop V 0 along the last mean free path:
The voltage V 0 determines, in turn, the rate γ c of secondary electrons emitted for each ion impacting the cathode. The ion current density can be expressed as a function of the total current in the discharge:
where 2s) ) is the surface of the cathode sheath. In our reference configuration, P = 0.4 Torr, V d = 3500 V, I d = 11.5 A, the ion current density J i ∼ 800 m −2 . The thickness of the sheath s is ∼2.9 mm. The ion-atom mean free path λ i0 is 0.3 mm. Helium ions strike the brass cathode with energy q e V 0 ∼ 800 eV leading to a coefficient γ c ∼ 0.7 (see, e.g., [13] ).
The main assumption now is that the global current I eb carried by the electron beam through the output surface S 1 = D × (l − 2s) of the hollow cathode is mainly identical to the current carried by the secondary electrons accelerated from the whole cathode surface S c . As these fast electrons are supposed to lose only a slight part of their energy during their transit through the hollow cathode, the loss of positive ions at the entrance of the cathode sheath has to be balanced by a cold electron flux that also leaves the cathode through the output surface S 1 . These plasma electrons drift toward the anode across the plasma sheet. Let I ep be the current carried by these cold electrons:
Hence, I ep = I d /(1 + γ c ) and I eb = I d γ c /(1 + γ c ).
The ratio of the electron beam current to the total current would then be η = γ c /(1 + γ c ) ∼ 40%. This value is higher than the one measured in similar devices (∼5%) using probes imbedded in the plasma [14] . This does not contradict this estimation, as these measurements were made in air or argon, for which positive ions actually provide secondary emission coefficients γ c one order of magnitude below that He + .
Model
Let us first express the beam electron density n eb (0, 0) as a function of the instantaneous current I d in the discharge through
G is a numerical factor that takes into account the Gaussian shape of the electron beam. According to equation (1), v eb derives from the instantaneous voltage given by the external circuit relationship:
From (1) and (2) the energy lost by the electron beam between z and z + dz can be expressed as [15] :
About one-half of this energy comes into ionization of the gas [13] (the rest goes into excitation). Thus, the variation of the electron density at any time and any point in the plasma obeys the follow equation:
The first term on the right-hand side represents the source of n e that comes from the beam. φ i is the ionization potential of the neutrals. D a is the ambipolar diffusion coefficient including the influence of the external magnetic field B z ; classically
where k B is the Boltzmann constant, M i and v i0 are the ion mass and the ion-neutral collision frequency, respectively. T e and ω ce = q e B z /m e are the electron temperature and gyromagnetic frequency. Moreover, the electronneutral collision frequency for a classical cross section σ e0 = 5 × 10 −20 m 2 is given by (12) where N 0 is the density of the neutrals. The last term of (10) defines the rate at which free electrons recombine with positive ions inside the plasma volume. As previously mentioned, a working pressure less than 0.5 Torr is too low for the dissociative recombination of helium molecular ions to play a major role in the electronic density regulation. The three-body process involving a neutral as the third particle is only effective at pressures exceeding ∼50 Torr, far above our working pressure [16] . Dielectronic and radiative recombination have very low efficiencies (α ∼ 10 −18 m 3 s −1 ) [17] . Therefore, the only efficient process that could apply to our experiments is the three-body recombination involving one positive ion and two electrons (assuming this recombination process works in a volume where the electron temperature is low while the electron density is high). So, the coefficient α is related to T e and n e using the rigorous formula from Gurevich and Pitaenskii [18] by α = 1.7 × 10 −20 n e T −9/2 e ln( ) (13) in which ln( ) is the Coulombic logarithm; = 1.24
e n −1/2 e . The strong temperature dependence of α then calls for an accurate computation of the electron temperature T e (x, z, t) . Introducing
e n e m e v e0 (14) as the conductivity of the plasma parallel to B z , and
as the electron thermal diffusion coefficient perpendicular to B z , the energy-balance equation for the electrons of the plasma is ∂ ∂t
In this latter equation, the first term on the right-hand side is the Joule heating, the second term is thermal diffusion and the third one is the Maxwellian collisional cooling of electrons over neutrals. J ep is the electron density of the current in the plasma defined in section 3.2: as the gyromagnetic radius is extremely small for thermal electrons in the plasma, the current flux-lines are assumed to be parallel out of the cathode and all along the plasma sheet. So J ep (x) = I ep /S 1 for |x| < l − 2s, and zero elsewhere.
The last two terms of equation (16) describe the excitation of the helium atoms starting from the atomic metastable singlet level state 2 1 S (20.61 eV) and metastable triplet level state 2 3 S (19.82 eV). Mainly all the energy transferred from fast electrons to the excited states of helium atoms will be stored in the 2 1 S metastable state [9] . The three-body recombination process also results in excitation of the metastable states [19] distributed as 25% for the 2 1 S singlet and 75% for the 2 3 S. Assuming that nearly each ionizing collision from the electron beam produces a new atomic singlet metastable state enables one to estimate the variation of the metastable densities by comparing it with the electron creation term in equation (10):
where β = 1.34 × 10 −17 T 0.5 e m 3 s −1 is the coefficient for the 2 3 S electron de-excitation to the ground state by superelastic collisions [19] . Conversely, inelastic collisions with cold electrons from the plasma excite low-energy transitions from the metastable states. The upper excited states relax in a very short time to their originate level, emitting a low-energy photon that escapes out of the plasma. The storage of energy in the metastable states then allows line emissions to be induced by very-low energy electrons colliding with the gas, in spite of intrinsically very high energy levels (∼20 eV for the lower level of excitation in helium). We believe that such processes constitute the dominant non-Maxwellian energyloss mechanism for the electron gas in the plasma sheet. A compilation of the main reaction rates σ · v k for electronic excitations issuing from the two metastable states of helium was published by Janev et al [20] as a function of the electron temperature T e . Note that the two main processes 
Results and discussion
Equations (1)- (17) are thus discretized into a finite differences scheme for computing the electron density n e (x, z, t) and temperature T e (x, z, t) using the experimental current I d (t) as an input. This electron density then yields local plasma frequency f pe (x, z, t) .
Consider now a microwave beam of frequency f 0 and of intensity I µw incoming normally toward the plasma sheet in an increasing plasma density. Before it reaches the plane of critical density x = x cr where f µw = f pe , the wave suffers only a phase shift. As it goes across the critical density surface a vanishing wave pattern is generated. Electromagnetic theory shows that the local damping rate of the wave is given by
where c is the velocity of light. As it reaches the symmetrical surface at x = −x cr the microwave beam propagates again. Due to the damping rate (20) that operates between x cr and −x cr , the amplitude of the microwave beam is somewhat reduced when it enters the receiver horn ( figure 1 ).
As the microwave energy is not absorbed by the plasma the remainder of the beam is reflected toward the emitter. Figure 6 displays the exact instants when the transmitted microwave beams with selected frequencies f µw vanish and reappear after the onset of the discharge. The threshold level is selected at 2% of the maximum transmission level. Also shown on the figure is the corresponding curve computed from equations (1)-(20) using the same 2% threshold level. This synthetic representation is of interest as the computed locations of the microwave cut-off are very sensitive to the content of the physical model, thus permitting us to check for model relevancy a priori. Figure 7 shows reasonably good agreement between the experimental results and the theoretical reconstruction of the transmitted part of 8, 10 and 12 GHz microwave beams, along with the current and voltage in the discharge. Note the growth of the delay time for the microwave cut-off as the wave frequency increases. Focusing now on the plasma behaviour, figure 8 shows the computed evolution of the electron density n e (t) and temperature T e (t) at the centre of the sheet (x = 0, z = 15 cm). This illustrates the time-shift delay of the plasma build-up versus the current I d (t) . Assuming that the current I d (t) follows from hollow-cathode processes exclusively, the time-shift delay between the current I d (t) and the electron density n e (t) in the plasma sheet then represents the duration for the build-up of ionization restricted by diffusion and recombination processes. Conversely, the fact that the light evolution seen by the CCD camera is synchronized with the current I d (figure 2) shows that this light is related to the electronic excitation of neutrals and to Bremsstrahlung radiation from the fast electrons of the beam. Not shown here, the increasing part of T e exhibits numerical oscillations that vanish for t ∼ 2-3 µs. Afterwards, the decrease in T e derives from both the rise in the electron density (decrease in the plasma conductivity σ ) and the cooling effect due to the build-up of the metastable population (equations (16)- (19) ).
Theoretical profiles for T e (x), n e (x), and α(x) are indicated on figure 9(a)-(c) for z = 15 cm and t = 6, 10 and 15 µs after the onset of the discharge. Note that the electron density profiles are systematically slightly larger than the temperature ones. This shows that the recombination process is quite efficient at the edges of the sheet (α ∼ 5 × 10 −13 m 3 s −1 ) in a region where a very low electron temperature and a high electron density coexist.
We believe that this explains why a narrow-shaped sheet of plasma can be maintained in a buffer gas such as helium at low pressures, in spite of its high diffusion rate and no efficient dissociative recombination of molecular ions. (c) Figure 9 . Distribution of (a) the electron density n e (x); (b) temperature T e (x); (c) and three-body recombination coefficient α(x) for three selected times: 6, 10, and 15 at z = 15 cm.
